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CHA PTER 1   D oublet III  and DI II - D

Objectives

The cooperative activities in the Doublet III project were initiated at the end of August 1979, intended
to perform the advanced tokamak research, making use of plasmas with non-circular cross sections.

Act ivit i es

The Japan Atomic Energy Research Institute (JAERI) entered into an agreement with the U.S. DOE to
collaborate on the Doublet III (later DIII-D) tokamak at General Atomics (GA) in San Diego. This
Agreement has been extended to the present and has provided close collaborative coupling of the

research programs at JAERI and GA for 20 years. In the last 20 years, JAERI has sent to GA a total of
at least 65 person-years of scientists and engineers. During a period from 1979 to 1984, many JAERI
scientists spent five years in residence in San Diego and one spent ten years on Doublet III and DIII-D.
This experience built enduring mutual respect and friendships between JAERI and GA scientists and
engineers. This collaboration has indeed strongly progressed in the last 20 years, providing significant
scientific achievements with much contribution to Japan’s JT-60 program and thus leading the world
fusion program.

Administration

The Steering Committee Meeting is held every year throughout the period of collaboration between the

U.S.DOE and JAERI in order to coordinate the collaborative work program. During a period between
1979 and 1985, JAERI provided a financial contribution of $ 70.1M, out of which $ 8.5M was for the
Big Dee project.

Accomplishments

The period of collaboration in the last 20 years can be categorized into three stages. In the first period
starting from 1979 to 1984, the U.S. and JAERI teams took turns in coordinating their independent
experimental programs, and each team would strive towards either higher plasma performance by the
shaping optimization or better physics understandings. JAERI had a physics group of about 10
members on average at GA during 1979-1984. Major facility components provided by JAERI were the

main motor generator and two of the four 7 MW, 80 kV neutral beam lines. During this time the U.S.
provided the JAERI team with dedicated facility research time, diagnostics instruments, and operations
support. The JAERI team on Doublet III made significant scientific discoveries and developed physics
understanding while they trained a generation of young scientists and future JAERI program leaders.

The second stage from 1985 to 1994 is highlighted by the modification of the Doublet III device ( Big
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Dee project ).  The Doublet III device was enlarged in size and named as DIII-D, to which 12 visitors
from JAERI on average per year participated in the experimental program and theoretical studies. In

particular, the principal issue of controversy in this period was to untangle the physics of improved
plasma confinement by the direct comparison with theoretical models, and the EXB shearing model
was proposed. The high beta study also advanced in this period, and the value of 13% was achieved. In
addition, the neutral beam current drive was first demonstrated on DIII-D, and fast wave current drive
of 0.16 MA was manifested, corroborating the theoretical predictions.

In the third period from 1995 to present, sustainment of the integrated performance, namely improved
confinement with high beta, accompanied by a large non-inductive current drive fraction and
significant divertor heat and particle disposition capabilities, was accentuated, in part, facilitated by the
reactor-relevant results produced by the large tokamaks and progress in the ITER Engineering Design
Activities (EDA) design. It should be noted, however, that the prominent results at JT-60 and other

large tokamaks during this period actually benefited much from the outstanding achievements produced
under this U.S.-JAERI collaboration program.

One of the most outstanding achievements in the recent years is the establishment of the reversed shear
plasmas, which exhibit extremely high confinement properties at relatively high density, by the
optimized current density and pressure profile control. Accordingly, the DT equivalent fusion energy
amplification gain of 0.32 was obtained on DIII-D, and the world record Q value of 1.25 was achieved
on JT-60U. Strenuous effort has also been devoted to the sustainment of reversed shear profile, as well
as the improvement of the normalized beta, which is a figure of merit for the effectiveness of a fusion
reactor. As a result, the product of H factor (confinement improvement factor over the L-mode scaling)
and normalized beta of 7 was sustained for 1.5 s. In addition, comparative investigations on the internal

transport barrier, which is thought to be a key for the improved confinement in reversed shear plasmas,
was also performed between JT-60U and DIII-D. Furthermore, stabilization of resistive wall mode in
the reversed shear plasmas has lead to an increase of normalized beta up to 2.8. On the other hand,
collaborative work is in progress related to the scaling of pedestal width and edge MHD stability
analysis.

Development of an advanced divertor, which is capable of effective heat and particle control, is another
important issue of investigation considered under this collaborative framework. It was demonstrated
that efficient pumping from the divertor private flux region resulted in the achievement of H factor of
1.9 at a density 1.4 times the empirically evaluated density limit.

Exploratory experiments on the tailoring of the current density profile with electron cyclotron current
drive are expected to suppress the neoclassical tearing mode and improve the normalized beta in a
steady state. Accordingly, relevant work for an increase of the electron cyclotron current drive power is
in progress in DIII-D, which is considered to take a significant role both in the reversed shear
experiment and investigations of dominant electron heating plasmas anticipated in a fusion reactor.
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CHA PTER 2    FP P C (F usion P hys ics  P lanning Committee)

The FPPC (Fusion Physics Planning Committee) is one of two Joint Planning Programs of US-Japan
collaboration on the experimental nuclear fusion. Research.  In the initial phase of the US-Japan
collaboration, the experimental collaboration was planned and conducted to promote various concepts
of fusion (tandem mirror, bumpy torus, helical system, tokamak, and so on) including fusion
technology.  Since 1992, the collaboration has been planned and conducted to promote physics of core
plasma physics, edge physics and so on. The separation of the FPPC and FTPC (Fusion Technology
Planning Committee) was established in 1991.  The physics of inertial fusion is also discussed in this
program.

Objectives.

The FPPC (Fusion Physics Planning Committee) is responsible for organizing US-Japan collaboration
on the experimental research of fusion plasma physics. The present subsections are now 1) Planning, 2)
Plasma core phenomena, 3) Plasma edge behavior and control, 4) Heating and current drive, 5) New
approaches and diagnostics development.  The physics of various concepts of magnetic and inertial
confinement can be discussed together by this scheme of subsections, which allows us to deepen the
understanding of complex behaviors of confined plasmas.

Act ivit i es

The objectives are pursued by workshops and exchange visits of researchers. In 19 years under US-

Japan collaboration, 261 workshops and exchanges of visits were conducted and 607 researchers were
sent to US on various themes related to FPPC.  In Japan, 212 workshops and exchange of visits were
held and 573 researchers were sent to Japan.

Adm in ist rati on

As for US-Japanese universities collaboration, 4 key-persons from Japanese universities are designated
for the promotion of collaboration in each subsection of FPPC.  The steering committees of FPPC are
attended by US key-person of FPPC and a person in charge from JAERI and a person in charge from
universities and 4 key-persons for 4 subsections from Japanese universities.

Accom pl i sh men t an d highl i gh ts

2.1  Pl asm a Cor e Phenomena

( 1)  High t ri angul ar it y r esear ch i n JT- 60
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I n 1994,  the hi gh t ri angul ar it y (<~0. 5) exper im ent  star ted by modi f icat ion of the pol oi dal  coi l  system 
wit h good suggest ions fr om a Gener al  Atomi cs (GA)  scient i st  part icipati ng at  JT- 60U. Aft er  that , the

high t ri angul ar it y shape pr oduced si gni fi cant im provem ents in plasma per f or mance. The grassy ELM
r egim e,  fi rst  discover ed by a JAERI sci enti st wor ki ng on the DI II -D t okam ak in the earl y 90's, was also
est abli shed in JT -60U. 

(2) Collaborations on Heliotron E before ATF operated and on CHS and LHD afterwards

(a) export of the PROCTR transport code to Heliotron E and application to its experiments; (b)
extensive study of MHD equilibrium and stability in Heliotron E; (c) extensive participation in the ATF
experiment by the Kyoto group; (d) participation in pellet injection experiments in LHD; and (d) the
CHS data acquisition and analysis system was exported from ATF.

2.2  Pl asm a Edge Behavior  and Cont rol 

( 1)  Bor onizati on in JT- 60

I n 1992,  inf orm at ion on the bor onizati on syst em  of  DI II -D at  General Atomi cs (GA)  was ver y benef icial 
i n the design, const ruct i on and oper ati on of  the bor onizati on syst em  in JT -60.   T he key person fr om GA
par ti ci pat ed in the bor onizati on experi m ents of  JT- 60U, leadi ng to the successful  i mprovem ent  of pl asm a
per form ance in JT -60U. 
Divertors and Remote Radiative Cooling: In the mid 1980’s, the JAERI team on Doublet III pioneered
ways to make divertor plasmas in the Doublet III vacuum vessel, introducing to the world such
concepts as remote radiative cooling and the high recycling divertor.   More recently, the DIII-D team

has researched close and pumped divertor geometries and results from those studies were influential in
modifying the divertor in the JT-60U tokamak to a closed pumped type divertor.

( 2)  Mat eri al  test  i n JFT - 2M

A long- t er m test has been conducted in the JFT -2M t okam ak to determ ine the ef fect s of envir onm ental 
exposur e on the mechanical and chemi cal  behavi or  of  a low V- 4Cr -4Ti  al loy. Absor pt ion of i nt er st i ti al s
by the all oy appear s to be li mi t ed to t he very near  sur f ace,  and nei ther  the st r engt h nor  t he Charpy impact 
propert i es of  t he al loy appear to be changed f rom  t he exposur e. 

( 3)  P lasma-f aci ng m ateri al

Under  the U. S .- Japan col l abor at i on, basic behavi or of  the li t hi um  coat ing, which is successf ul ly
conduct ed in TF TR, of pl asm a- facing mat er ial  was invest i gated in a small  apparat us in Japan wi th very
i nt er est ing inf or mat ion.  The Japanese sci ent ists pr oposed to use met al  hi gh-Z  materi als as plasm a-f acing
m at er ial  and successfull y recei ved the usef ul dat a of  di schar ge from  Alcat or - mod mol ybdenum  diver ter 
and TEXT OR tungst en l im it er s.  T hese exper im ent al  result s are cr ucial  for  the design of  the fir st  wall  of 
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t he I nt ernat i onal  T her monuclear  Exper im ental  Reactor (I T ER) and f ut ure f usi on power react or s.

( 4)  P um ped L im it er  and Hel ical  Island Diver tor s

I n the lat e 1980's,  diver tor  concepts appl icabl e to heli cal  syst em s wer e explored by a GA team worki ng
on the JIP PT - 2 (l at er CHS ) devi ce. 

(5) Collaborations on Heliotron E before ATF operated and on CHS

(a) ORNL installed a pump limiter from ISX-B on Heliotron E and conducted experiments with for two
years; and (b) ORNL installed and operated a fast pressure gauge in the local island divertor on CHS
and conducted experiments for two years.

2.3  Heati ng and Cur rent  Dr ive

( 1)  E CH pr ogr am  i n JFT -2M

T hi s pr ogr am  was ini ti at ed in 1979-1981 wit h the loan of  a 200 KW,  38 GHz gyr ot ron for  ECH
exper im ent s on JF T- 2 (GA,  PPP L,  MI T team) .  In 1992, a loan of 60 GHz gyr ot rons to JF T- 2M was
proposed from  GA to upgr ade the ECH system.   I nst al lati on of  3 gyr ot rons i ncludi ng  super conduct i ng
m agnets,  gyr ot ron tanks,  radi o fr equency (RF)  tr ansm i ssion lines,  windows and ant ennas was com pl et ed
on JF T- 2M in March 1996.   T hey have been qui te usef ul  i n JFT - 2M experi ments up to now.

( 2)  I CRF  E xperi ment s on CHS 

T he U.S .  col l abor at ed wi t h Japan in est abli shi ng ICRF  heat ing capabi li ty in the CHS as well  as W- AS 
hel ical  devi ces.  Al so, the U.S .  and Japan col labor at ed on the devel opment of  the fol ded wave- gui de
ant enna,  an ORNL inventi on for appli cat ions on LHD.   The ICRF  heati ng of  t or oi dal  plasmas usi ng
f ol ded wave- gui de antennas is considered to be im port ant  in fusion react ors.  T he U. S . and Japan have
also been wor ki ng on the com bl ine ant enna invented at GA.   Thi s antenna has the advant age that it  has
onl y one feed but  has mul ti pl e emi tt ers wit h var i able phase dif ference, and coul d be very econom i cal for 
t he L HD exper im ent. 

( 3)  Developm ent  of var ious ECH com ponents i n GA

GA has devel oped a num ber  of hi gh- quali ty submi ll i meter  wave com ponents in plasma diagnost i cs and
E CH heat ing.   JAE RI  has used many of  these com ponents such as cor rugat ed wavegui des, not chfi l ters. 

(4) Collaborations on Heliotron E before ATF operated and on CHS and LHD afterwards

(a) ORNL loaned a 35-GHz gyrotron to Heliotron E for two-frequency ECH experiments; (b) ORNL
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contributed equipment and participated in ICRF experiments in CHS; and (c) ORNL collaborated on
folded waveguide ICRF experiments in LHD.

2.4  New Appr oach and Di agnosti cs Devel opment

Rem ot e diagnost ics in JT - 60: Sci nt il l at ing fiber  neut ron det ect or s devel oped by the Los Alam os Nati onal 
L abor at ory (L ANL)  were inst al led on JT- 60U in Mar ch 1994 for  the tr i ton bur n- up st udi es.  I n 1995,
JAE RI  developed the remot e di agnosti cs syst em for  the neut ron det ect or s usi ng Internet and TV
conference equi pm ent .  T he U. S.  coll aborator s could cont rol the diagnost i cs and acqui re the data fr om 
t heir  home inst it ut es.   Col labor at ions to pr oduce and publ ish atomi c and molecul ar  data for  fusi on
bet ween NI FS  and JAE RI  and U. S.  labor at or ies have been producti ve f or mor e than 20 year s. 

(1) Optimization of helical systems/stellarators

Search for improved helical system/stellarator configurations is intensively pursued in both the U.S.
and Japan.  Extensive contributions to the design of both CHS and LHD were made by researchers at
ORNL.  In recent years the U.S.-Japan collaboration in this area has been conducted through several
workshops and personal exchanges.  Dr. Paul Garabedian at New York University (NYU) made major
contributions to the design of the new Heliotron J at Kyoto University as well as to development of the
quasi-axisymmetric (qa) stellarator approach being developed in both Japan and the U.S.  The proposed
CHS-qa at NIFS and NCSX at PPPL would address similar issues for the qa stellarator through
different designs.  Detailed comparisons of ideas and designs in this area is very useful to both groups.

(2) Collaborations on Heliotron E before ATF operated and on CHS and LHD afterward

(a) extensive contributions to the design of both CHS and LHD; and (b) ORNL developed and installed
an innovative compact 2-D neutral particle analyzer on LHD.

Early cooperative work was done with scientists from GA on the Gamma-10 and RFC-XX devices.

(3) Participation in the LHD experiment

Participation in the LHD program is an important element of increased collaboration between the U.S.
and Japan.  ORNL developed and installed an innovative compact 2-D neutral particle analyzer on

LHD in collaboration with NIFS.  PPPL installed a TFTR 1-D scanning neutral particle analyzer on
LHD and started measurement of the ion energy distribution along different tangential lines of sight.
These measurements will enhance the understanding of the effect of the electric field on trapped
particles due to the loss cone in LHD.  PPPL also installed an ECE diagnostic on LHD and conducted
experiments with magnetic probes.  A researcher from MIT made a significant contribution to the
understanding of the "breathing" phenomenon in LHD.  LANL developed and installed a 2-D infrared
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bolometer on LHD and conducted experiments with it in collaboration with NIFS.  ORNL also
participated in hydrogen pellet injection experiments in LHD.

Extensive long-term collaborations occurred between the Heliotron E and ATF programs. The ORNL
PROCTR transport code was applied to analysis of Heliotron E experiments and later to CHS.
Extensive study of MHD equilibrium and stability was carried out in Heliotron E by an ORNL
researcher, and there was extensive participation in the ORNL ATF experiment by the Heliotron E
group.  The ATF data acquisition and analysis program was exported to the CHS experiment for joint
experiments on CHS.  MIT installed an impurity diagnostic on Heliotron E and conducted experiments.

To summarize, the U.S. labs contributed significantly to the Japanese stellarator program:
(a) PPPL installed a TFTR 1-D scanning neutral particle analyzer on LHD (1.4); (b) PPPL installed an

ECE diagnostic on LHD and conducted experiments with magnetic probes (1.4); (c) MIT installed an
impurity diagnostic on Heliotron E and conducted experiments (1.4); (d) LANL installed a 2-D infrared
bolometer on LHD and conducted experiments (1.4); (e) NYU (P. Garabedian) made major
contributions to the design of Heliotron J at Kyoto (1.4); (f) MIT was involved in the understanding of
the "breathing" oscillation in LHD (1.4); and (g) GA was involved in collaboration on a combline
ICRF antenna for LHD (1.3).

(4) Diagnostic Highlights from 20 Years of the US/Japan Bilateral

- The Los Alamos National Laboratory and the National Institute for Fusion Science have an
on-going (4-year) collaboration to develop infrared imaging bolometers for long-pulse plasma

operation.  Built in the US, and based on Dr. Glen Wurden's idea (US Patent 5,861,625,  Jan. 19, 1999),
a prototype has been installed by Japanese colleagues on the Large Helical Device in Toki, Japan.
Further refinements and data analysis are underway.

- The Los Alamos National Laboratory and JT-60U implemented a remote collaboration
capability that allows real-time audio/video/data transfer.  This system enabled remote control of a
scintillating fiber neutron detector diagnostic that was installed by LANL (Glen Wurden) on JT-60U
for triton burn-up studies.

- The University of California, Davis (Neville Luhmann/Calvin Domier) and the University of
Tsukuba (A. Mase) have successfully collaborated on an ultrashort pulse reflectometer (USPR) that

was installed on the Gamma-10 mirror machine.  Data from the USPR show promise for simultaneous
density profile and density fluctuation measurements.  Prof. A. Mase (currently affiliated with the
University of Kyushu) is investigating the fabrication of a similar diagnostic for the Large Helical
Device at NIFS.

The Oak Ridge National Laboratory and JT-60U collaborated on the successful installation and
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performance verification tests, on JT-60U, of a confined alpha particle diagnostic developed by ORNL.
On JT-60U, the system will be used for the measurement of an ion tail, similar to an alpha particle

distribution in a burning plasma experiment.

T he col l abor ati on between RPI  and Japan on the developm ent  and inst all at i on of heavy ion beam pr obe
( HI BP ) diagnost ic syst em s on sever al  U. S.  and Japanese fusion f acil i ti es has contr ibuted si gni fi cantl y to a
speci al  issue on HIBPs in IEE E  Transact ions on pl asma science.  T he coll aborat ion is al so the subject  of 
an inter nal repor t by the Japanese Nati onal  Inst i tute f or Fusion Sci ence. 
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CHA PTER 3    JI F T (J oint Ins titute for Fus ion Theor y)

The Joint Institute for Fusion Theory (JIFT) is one of the three programs through which the U.S.-Japan
Fusion Research Collaboration is organized.  For twenty years, JIFT has contributed to the
development of productive working relationships between Japanese and U.S. scientists in carrying out
theoretical and computational research on fusion plasmas and related scientific issues.

Objectives

The distinctive objectives of the JIFT program are: (1) to advance the theoretical understanding of
plasmas, with special emphasis on stability, equilibrium, heating, and transport in magnetic fusion
systems; and (2) to develop fundamental theoretical and computational tools and concepts for

understanding nonlinear plasma phenomena.

Activities

The JIFT objectives are pursued through collaborations between U.S. and Japanese scientists by means
of three types of exchange program activities:  workshops, exchange visitors, and joint computational
projects.  The JIFT program each year usually has four topical workshops (two in each country),
approximately six exchange scientists (three from each country), and a fluctuating number of joint
computational projects (on the order of a dozen). So far, during its 19 years of successful operation,
JIFT has sponsored 114 long-term visits by exchange scientists, 71 topical workshops, and 111 joint
computational projects.

The workshops typically have an attendance of 25-35 participants of whom usually three to seven
scientists (depending on the particular workshop) travel to the workshop from the non-host country.
Scientists from countries other than the U.S. and Japan are also often invited to participate in JIFT
workshops, either as "observers" or members of multilateral collaborative programs.

Of the approximately three exchange visitors in each direction every year, one (called the "JIFT
Visiting Professor") is supported by the host country, while the others (called "Exchange Scientists")
are supported by the sending country.  The visits of the Exchange Scientists usually last from several
weeks to a month or two in duration, whereas, the Visiting Professors normally stay for at least three
months.

The third category of JIFT exchange activities consists of joint computational projects.  In general these
are continuing collaborations on various problems of current interest, which initially develop out of
interactions at workshops and through individual exchange visits.
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Administration

JIFT has a Steering Committee of eight members, four from each country, with two co-chairmen.  The
Co-chairman on the Japanese side is the Director of the Theory and Computer Simulation Center at the
National Institute for Fusion Science (NIFS).  The Co-chairman on the U.S. side is the Director of the
Institute for Fusion Studies (IFS) of the University of Texas at Austin.  Two other members of the
Steering Committee, called co-executive secretaries, are responsible for the ongoing daily oversight of
the progress of JIFT activities.  Also, on the Japanese side there is an official advisor, who is from the
Japan Atomic Energy Research Institute (JAERI); and on the U.S. side there is an advisory committee
whose membership is drawn from universities and national laboratories.

The Japanese and U.S. members of the Steering Committee select the topics and  the participating

scientists for the JIFT exchange visits, workshops, and joint computational projects.  Criteria include
having a balanced representation of critical issues in magnetic fusion research, which includes both
fundamental problems as well as questions of near-term significance, and also taking into account the
specific capabilities and interests of both countries.  The Steering Committee submits annual reports
concerning JIFT activities to the U.S.-Japan Executive Secretaries Meeting.

Accomplishments

A number of general benefits have resulted over the years from the JIFT program.  In particular, the
following may be cited:  JIFT has provided efficient communication channels for the latest theoretical
research results, techniques, and directions; JIFT activities have attracted serious participation from

allied fields such as fluid turbulence, statistical physics, computational science, and space plasma
physics, which brings new scientific tools into the fusion program and enhances the stature of fusion
physics; JIFT exchanges have contributed to efficient utilization of international research facilities;
and, JIFT emphasis on large-scale computational studies has reaped significant mutual benefits from
the supercomputer resources and code-building expertise of both countries.

JIFT activities have led to the publication of numerous scientific papers, as well as review articles and
books.  JIFT research has also been featured in a number of invited talks at major international
meetings (e.g., the biennial IAEA Conference on Plasma Physics and Controlled Nuclear Fusion which
is now called the IAEA Fusion Energy Conference).

Through JIFT, close and long-lasting scientific connections have been established between the U.S. and
Japanese fusion theory communities.  Not only have senior scientists profited from these
collaborations, but also young scientists—and even, on occasion, two advanced graduate
students—have had many opportunities to enhance their research careers.  The lectures given by JIFT
visiting professors during the first decade of the program were published in a book for the benefit of
scientists and students.
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Themes

The topics of the 35 workshops held during the past nine years are indicative of scientific themes that
JIFT has pursued.  These topics can be partially categorized as:  (1) MHD equilibrium, stability,
sawteeth oscillations, and disruptions; (2) High-beta plasmas and beta limits; (3) Highly energetic
particles and their effects on stability; (4) Turbulent transport, transport barriers, and confinement; (5)
Theory and new concepts for helical confinement configurations; (6) Bootstrap current; (7) Edge
physics; (8) Dense plasmas; (9) Interactions of intense electromagnetic waves with plasma and matter;
(10) Dynamo phenomena; (11) Reconnection; (12) Self-organization; (13) Numerical simulation codes,
visualization techniques, and virtual reality; and (14) Innovative concepts.  The workshops were
organized so as not to focus on only one specific fusion device, but instead to aim at a general scientific
understanding of fusion plasmas and of basic plasma physics and the development of tools for large-

scale computer simulations.  Rapid progress in numerical simulation methodology has especially
marked the past decade of JIFT activities.

Significant Highlights

Through the years, a number of JIFT workshops and scientific exchanges have made significant
theoretical contributions to the design and data analysis of helical confinement configurations and
stellarators (e.g., Heliotron E, CHS, and LHD in Japan and ATF in the U.S.).  New concepts for
improved configurations have also been considered, relevant to the current U.S. stellarator design effort
and to future plans for Japanese helical systems.  For example, a JIFT visiting professor invented a new
topology (so-called “wavy” vertical field coils) for a quasi-axisymmetric stellarator that simplifies coil

shapes, has improved access, and may allow the design of a divertor.  Two well-known books on the
physics and numerical simulation of helical plasmas have been written as the result of JIFT activities.

A long-standing JIFT effort was the benchmarking of stability predictions from various  MHD  codes
that were applied to a common three-dimensional stellarator equilibrium configuration.  The results of
this important work, pursued over several years among Japanese, U.S., and Russian scientists, were
published in a detailed paper.  Three-dimensional plasma equilibria including magnetic islands were
extensively studied with the HINT code.  Progress was made in analyzing whether island formation is a
global effect due to the Pfirsh-Schluter current or a local effect due to resistive interchange.  The
phenomenon of “self-healing” was discovered, and its physics mechanism compared to that for the
neoclassical tearing mode.  These studies suggested that the bootstrap current can play an important

role in suppressing islands, which is of interest to current LHD experiments.

Several workshops focused on understanding the universal properties of high-beta plasmas, not limited
to any specific device. Stability beta limits and the bootstrap current fraction have been explored.
Other problems considered were neoclassical tearing modes, resistive wall modes, equilibrium and
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stability for the field-reversed configuration, stability for the spheromak and the reversed-field pinch,
and liquid lithium walls.

Another area of continuing interest in workshops and scientific exchanges has been the physics of
particles with high energies.  Fruitful results have been obtained in theoretical understanding of the
burst modes observed in CHS experiments, in interpreting observations of toroidal Alfven instabilities
in JT-60U and TFTR deuterium-tritium discharges, in modeling ripple loss of fast particles, and in
developing theory and simulations for the nonlinear behavior of fast particle instabilities.

Many published papers and invited talks at various conferences have resulted from collaborations on
plasma turbulence and anomalous transport.  A recent book written on this subject is now a standard
reference in the field.  Other books were published as proceedings of JIFT transport workshops.  A
particular result was a new understanding of how the Hasegawa-Mima equation and Hasegawa-

Wakatani equation, as well as the Waltz model, contribute to plasma turbulence.  Also, insight has been
gained concerning the formation of sheared plasma flow due to Reynolds stress.

A long-standing JIFT collaboration on the physics of spheromak plasma and magnetic reconnection
resulted in MHD code simulations of internal reconnection events in a spherical torus device, which
reproduced experimental results extremely well.  Also, a simulation of collisionless reconnection with a
particle code revealed physics of interest to the reconnection experiment at the Princeton Plasma
Physics Laboratory (PPPL).  The comparison of theoretical predictions and simulation results of
collisionless reconnection has been very fruitful for both countries.

Dynamo simulations for the generation of the earth’s magnetic field attracted attention from the general

physics community.  These simulations showed the importance of self-consistent nonlinear dynamic
processes.

Over several years, macro-scale particle simulations and gyro-kinetic particle simulations were
compared and discussed. This led to a new direction to develop hybrid MHD-Vlasov simulation
methods.

A JIFT exchange scientist made a breakthrough in object-oriented simulation techniques, viz.,
expression templates, and applied it to develop high-performance particle simulation capabilities that
were then utilized for efficiently running a large Monte-Carlo type of code on a parallel processor
computer.

Visualization methods, including virtual reality, have been recognized as critically useful for present
and future large-scale simulations.  JIFT research activities have made use of the NIFS CompleXcope
and the Virtual Reality Simulation Laboratory.  At a JIFT workshop on Nonlinear Plasma Simulation
and Visualization held jointly with the 1998 International Conference on Numerical Simulation of
Plasmas, two Japanese fusion scientists won Buneman Awards for their work in this field.
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Another continuing JIFT research area has been plasma complexity in systems that are nonlinear, non-

equilibrium, and open.  Simulations of plasma self-organization, both on macro-scales and on micro-
scales, excited considerable interest in the formation of order and structure.  Also, recently the self-
organization of plasmas with flow is being jointly studied in several areas—the stability of non-
Hermitian plasmas with flow, the interpretation of the H-mode as self-organization of a shear-flow
plasma at the edge, and double curl Beltrami flow–diamagnetic structures.

A well-attended annual series of workshops on the interaction of high-intensity electromagnetic waves
with plasma and matter have attracted scientists from research areas such as ultrashort pulse laser-
plasma interactions, laser acceleration, laser Compton scattering, nonlinear plasma dynamics, fast
ignitor concept, energy research, X-rays, and laser astrophysics.  This has stimulated opportunities for
cross-field synthesis.  The proceedings of the most recent of these workshops will soon be published.
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CHA PTER 4   D ata Linkages 

4.1 E Snet  between L BNL and NI FS  ( DOE /MONBUS HO ANNE X II) 

T he Dat a Link bet ween the Energy Sci ences Networ k (E Snet )  at the Lawr ence Berkel ey Nati onal
L abor at ory (L BNL) , in Cal if or ni a (U. S .) , and the NIF Snet  at  the Nati onal Insti tut e for Fusion Sci ence, 
NIF S (Japan) ,  consi sts of  leased com m unicat i on ci rcui ts oper ated under  Annex II ,  whi ch st ar t ed in
Decem ber  1988 and was ext ended twi ce in 1993 and 1998.  The Dat a Li nk was upgraded fr om  64 kbps
t o128 kbps (256 kbps Max) in 1996 t o accomm odat e t he needs of increased data tr ansf er. 

T he U.S . -Japan Data Li nk has been inval uabl e f or  comm uni cati ons bet ween fusion resear ch col l abor ators
i n the U.S . and Japanese Univer sit ies.  I t provi des visi ti ng scient i st s wit h access to thei r  hom e
i nsti tut ion’ s com put er  syst em s.   I t also pr ovi des the means of exchanging inf or m at ion bet ween the U.S .

and Japanese scient i st s by el ect roni c mai l and fi le transf er s of theor et i cal,  experi m ental and desi gn data,
as well  as comput at i onal  pr ogram s. 

T he Dat a L ink has m ade gr eat contr ibuti ons to joi nt  code developm ent s and usage,  and joint dat a analysi s
and theory/experi mental com pari son and enhanced the producti vit y of  the U.S .- Japan  f usion resear ch
act ivit i es.  The U. S .- Japan (NI F S)  Data Link is impor tant in pr om ot i ng the U. S. - Japan Fusion
Cooperat ion Progr am  and it shoul d be maintai ned and enhanced to m eet  f ut ure program requi rem ents. 

4.2 E Snet  between L BNL and JAERI (DOE/ JAE RI  ANNE X IX) 

T he Dat a Link bet ween the Energy Sci ences Networ k (E Snet )  at the Lawr ence Berkel ey Nati onal

L abor at ory (L BNL) , in Ber keley,  Cali f or ni a (U. S. ) , and the Japan At omi c Energy Resear ch Inst it ut e
( JAERI) ,  at Naka (Japan) ,  consi sts of  leased int ernat ional  comm unicati on ci rcui t s operated under  Annex
I X,  whi ch st art ed in Januar y 1990 and was extended twice in 1995 and 2000.  T he Data Li nk was
upgraded from  64 kbps to 128 kbps in 1993 and fr om 128 kbps to 768 kbps in 1997 to accomm odate the
needs of  i ncr eased dat a transfer .

T he U.S . -Japan Data Li nk has been inval uabl e for  comm uni cati ons bet ween U.S . and JAE RI research
col labor at or s.  I t provi des visi ti ng resear chers wi th access to t hei r hom e inst i tuti on's com puter  system s.   It
also pr ovi des the means of exchanging inf or m at ion bet ween the U.S . and the JAERI  sci ent ists by
elect ronic mail  and fi le tr ansf ers of  theor eti cal , exper im ent al  and desi gn data,  as wel l as computati onal
progr am s.

I n the ear ly phase,  the Dat a Li nk made gr eat  cont ri buti ons to joi nt  code development s and usages,  and
j oi nt  data anal ysis and theor y/ exper i ment al  compari son and enhanced the product i vi ty of  the U. S. - Japan
f usion resear ch act i vi ti es.   Recent rem ot e col labor at ion act i vi ti es between JAE RI and U.S . labor atori es, 
such as Pr incet on Pl asma Physics Laboratory (P PP L ),  Los Al am os Nati onal Labor at ory (L ANL) , etc., 
have dem onst r at ed the pot enti al  value of a high capacit y Dat a Link for  joint fusion research.  T he U. S. - 
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Japan (JAE RI )  Dat a Link is im por tant  in prom ot ing the U. S. -Japan Fusion Cooperat ion Progr am  and it
shoul d be mai nt ai ned and enhanced to meet  f uture pr ogram  r equir em ent s. 
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Chapter  5    FTP C (F usion Technology Planning Committee) 

5.1 DOE/MONBUSHO

The U.S./Japan-Monbusho (MOE) collaboration on fusion technologies has now been active and
successful for 20 years. It produces a mutually beneficial scientific bilateral collaboration between the
MOE Universities and NIFS, and the DOE research institutions and Universities.
There are six FTPC categories at present,

(1)Superconducting Magnets,
(2)Plasma Heating Related Technologies,
(3)Blankets,
(4)In-Vessel/High Heat Flux Materials and Components (HHFC),and

(5)Others.

During the 20 years of this FTPC, unique and individual activities in these categories provided
numerous useful results for the fusion program.  The Japanese Universities engage in a wide variety of
technologies, based on their own research interests.  In addition, since NIFS was founded in 1988, these
activities increased through the coordinating efforts of the fusion research network.  In general, MOE
funded research has historically focused on issues of basic technology development.  This is a
conspicuously different approach than JAERI.  JAERI has strong obligation and responsibility for
mission oriented research directed at Tokamak type fusion devices, and this focus has become
especially tight after the start of the ITER EDA.  This may be recognized as a restriction in general that
may limit flexibility of DOE-JAERI collaboration.  Therefore, the U.S.-Japan MOE collaboration is

complementary in allowing a full mix of collaborative research that meets the requirements for both
sides.

Each year FTPC plans several workshops and related personnel exchanges.  The outline of this U.S.-
Japan collaboration is shown in the Figures attached, which show the workshops and personnel
exchanges for the past 10 years, and give detailed information on activities in each category.
Workshops covering basic activities in several technology areas will be summarized. These were
organized for HHFC, Blanket, Reactor Design, and Heating Systems. Information has been actively
exchanged and scientific evaluations useful to both sides were effectively executed.

The materials research has been covered by Joint Projects (FFTF-MOTA and JUPITER Projects).

These are independently described in other chapters of this report.

In the HHFC area, workshops highlighted the effort to develop components needed for fusion devices.
As a result of this series of workshops, the research programs of both sides were well organized and
optimized.  Several institutions, NIFS, JAERI, Sandia, etc. have high heat flux test sources and tests
have been conducted that contributed significantly to the development of robust materials and
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components. An especially important example is testing of grades of graphite which will withstand a
heat flux of 5 to 10MW/m2.  These graphites are widely utilized by present large tokamaks and by

LHD.

For the blanket technology, originally each side had different interests, in liquid, ceramic, and molten
salt blankets and the associated individual data bases.  Information exchange has been useful and has
stimulated collaboration.  In this context, Japanese Universities contributed to development of an
evaluation framework and models, based on their original component test data.  These workshops have
successfully contributed to the further development of designs using the existing experimental data
bases in each country.

In the technology area of reactor design, output from various groups have been combined and design
ideas were effectively merged, further contributing to the emergence of new ideas.  These workshops

helped to develop and apply design evaluation principles and methodologies.  The systematic approach
used in the U.S. and the multiple path approaches in Japan have been well highlighted by these
workshops, and have helped each side move toward more attractive designs.

There are three main subjects in the plasma heating category, i.e., NBI, ECRH and ICRF.  These have
different research concepts and issues, depending on experimental device applications, i.e., energy,
power, frequency, etc.  Exchange of the results from different component tests and plasma experiments
has effectively allowed each side to move into the next upgraded steps. NIFS, JAERI, ORNL, PPPL,
MIT, and GA are the major institutions which have large development programs.  Furthermore, after an
experiment is started, both sides continued to exchange data and personnel.  This allows further results
on plasma experiments to be used to develop and apply MW class heating power to the experimental

devices.

Late in the 1980's, when the LHD project started, several superconducting magnet technology (SC)
workshops were held.  These made a large contribution to the evaluation of the existing design data
base and helped to develop the necessary recommendations used in final design.  Personnel exchanges
afterwards contributed to the SC technology development for both sides.

Recently, two new categories of Fusion Technology Planning have been introduced.  These are Tritium
and Blanket Heat Exchange/Removal, and workshops have been organized and the activity levels are
increasing.  Since the start of operation of LHD in 1998, personnel exchanges related to LHD
technologies have dramatically increased.  Major areas of collaboration are HHFC, Heating, Pellet

Injection, and others.  LHD has provided these new possibilities for collaboration, in addition to the
LHD physics collaboration.

As we move to the future of the US/Japan-MOE collaboration on fusion technology, the FTPC
activities will continue and expand.  The FTPC remains an important component of the US/Japan
fusion collaboration.
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5.2 DOE / JAERI 

( 1)   S uper conduct i ng Magnet s

DOE -JAE RI col laborat ive progr am s for  the devel opm ent of  super conduct i ng coi l s for  fusion have
successf ul ly been carr ied out  incl udi ng the pr ogr am  in the developm ent  of  super conduct i ng pol oi dal  coi l 
t echnol ogy ( Annex-V)  whi ch began i n 1988 (see Chapt er  8. 3) .

Install ati on  an d testi ng of  t he ITER Cent ral  S ol enoid  Model Coi l

T he ITE R Cent ral Sol enoi d (CS ) Model  Coil  was devel oped through int ernat i onal  coll aborati ons by the
U.S .,  Japan,  the Eur opean Uni on (E U) ,  and the Russi an Federat ion under  the IT ER technol ogy R&D

progr am .   The CS Model  Coil  has an outer di ameter  of 3. 6m,  a height  of  2. 8m  and wi ndi ng wei ght  i s 110
t on.  I t  is com posed of the Inner Modul e that was wound by the U. S.  and the Out er Modul e that was
wound by Japan.   S ince the U. S . had to wi t hdraw from the ITE R Program in July 1999 at  congressional 
dir ecti on,  the inst all at i on and test i ng of the CS  Model  Coil  have been carr ied out  at  the JAERI Naka
F usion Resear ch Est abl ishment  based on the agr eem ent as recor ded in the Minut es of  the 20th U. S. -Japan
Coordinati ng Comm it t ee on F usion E ner gy ( CCF E)  held on May 17, 1999. 

Under  this agreem ent , fi ve scienti st s and engi neers wer e assi gned to JAE RI for instal lati on,  and the
i nstall ati on work was successful ly completed by the end of  1999 by the U. S. -Japan install at i on t eam .  T he
exper im ent  of  the CS  Model Coil  was start ed wi th the ini ti al  cool  down i n Mar ch 2000 that  was fol lowed
by the chargi ng experi ment fr om  Apri l  11, 2000.  On Apr i l 19,  2000,  the CS Model  Coi l  was successfull y

charged up to 46kA and 13T,  generati ng a st ored energy of 640MJ. Another  im port ant  goal to
dem onst r at e stabl e pul sed operat ion by char ging to 13T at 0. 4T/ s and discharging from  13 T at 1T / s was
successf ul ly achi eved on May 24,  2000, by using the power suppl y of  the JT- 60.  By these resul ts,  the
obj ecti ves of  the CS  Model Coil  were fulf il l ed and a new fronti er  in the super conduct i ng magnet 
t echnol ogy was opened. 

Past Activities on Magnets

1980's

Large Coil Project on Superconducting Magnets - While this project to design, build and test

superconducting magnets was under the auspices of the International Energy Agency, it was a major
success in fusion collaboration. This lead to a collaboration between the US and Japan involving the
loan of one of the US coils to Japan.  This coil, along with a Japanese counterpart, are now on display
at NAKA as a tribute to this collaboration.

1990's
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Demonstration Poloidal Coil - This test in Japan involving US and Japanese superconducting magnets

provided important insights on the behavior of superconducting magnets during current ramping.

( 2)   Pl asm a Heati ng Related T echnologi es

__T he most  not ewort hy acti vit y dur ing the 20 year  peri od is the annual bi l at er al exchange wor kshop
on RF  Heat ing T echnologi es,  host ed al ternat i vely by t he two count ri es.  T hese wor kshops have pr ovi ded a
f or um  to develop cl ose comm unicati on between the RF  technologists in bot h count i es and to establ i sh
m any mut uall y benef i ci al  coll aborati ve acti vit ies.   These exchanges have been typicall y 6- 10 per  year
wit h 20- 30 part icipant s. 

F or  exam pl e,  the most pr onounced col l abor at i on in the JAERI- DOE  col l abor ati ve pr ogram  was  the

devel opm ent of a new high power  t et rode tube.   It  was devel oped by the U. S.  and tested on  t he JT -60
I CRF system from 1988 – 1992 (ANNE X VII ).   T he test s val idat ed the per for mance of the tube X2274
at an output  power level  of  1.5 MW f or 5s at  130MHz, set ti ng a worl d record.  Use of  this tube perm it ted
t he upgr ade of the JT- 60 ICRF  syst em  wi th m i nor modif icati ons.

I n addi t ion,  ther e have been a  number of  joint projects,  some of  t hem are l i st ed as bel ow. 

ECRF

 1)  Cryogeni c window developm ent  ( 1992 - 1994) 

JAE RI  fabr icated the cryogeni c sapphi re window and demonst rat ed the 400kW x 1sec transm issi on
usi ng DI II -D ECH system in 1994.   Thi s was the worl d’ s fir st  demonst rati on of  a hi gh power
t ransmi ssi on of  t he cr yogenic wi ndow. 

 2)  Dist ri but ed window t est  ( 1994 - 1995) 
New concept of robust ECH window developed by GA was tested in the JAERI teststand.  The high
power density, which is required for the ITER window, was demonstrated.

 3)  High E ff i ci ency ECH System Design and m i ll im eter wave com ponent  devel opment  (1994 -  2000)
GA has the most experience of millimeter wave transmission components and JAERI has the most
experience of the energy recovery gyrotron operation.  These technology information exchanges

contributed to the development of gyrotrons and a better design of the ECH system of both sides,
which were applied to the JT-60U, DIII-D and ITER.

 4) The CPI gyrotrons on LHD were based on a Japanese design and make use of a visor at the output
of the Vlasov launcher.  Tests showed that the output beam profile was very unsatisfactory.  MIT
worked with NIFS to install a corrective external mirror system that was already validated on DIII-
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D gyrotrons and improve the beam profile.

ICRF

1) T et rode test  (1988 - 1992, see 8.3)
Eimac fabricated 2 megawatt prototype tetrodes and JAERI successfully tested in Japan at a higher
frequency than it would have been possible in the US.
T he new U. S.  t et rode tube X2274 was t est ed i n t he JT -60 ICRF system and demonstr ated 1.5 MW for 
5 seconds at  130 MHz, whi ch was a wor ld r ecord at  t hat tim e (1988-1992). 

2) Feed- through t est  ( 1993 - 1995) 
T he test  of var ious desi gns of the ICRF  feed-t hr oughs from  Japan and the U.S .  was done using the
JT- 60 I CRF  syst em  and the r esul t s contr ibut ed to the design opt im izati on. 

Japan is now fabricating and installing a Folded Waveguide Antenna system on LHD in collaboration
with ORNL.  Although this antenna concept was invented and validated on test-stands in the US, this
would be the first time it would be used on a large functioning fusion experimental device.

Inadequate funding in the US has prevented the fabrication and tests of a “Combline Antenna” invented
in the US.  But the collaboration with Japan has made it possible to conduct preliminary tests in Japan
and validate the concept.  The collaboration on the topic is still in progress.

NBI

The collaborative efforts between Japan and the US using the quardrupole accelerating system
developed in the US and a source composed of several merging beams validated in Japan established
the viability of producing very high energy negative ion based neutral beam systems for JT-60.

T he col l abor ati on has been very fr ui t ful and new acti vi t ies like rem ot e steer ing E CH antenna are pl anned.
We can expect  f ur ther pr ogr ess of col laborat ion in this ar ea. 

( 3)  Blankets

O bj ecti ves

T he i n- pil e funct ional  t est s of  bl anket  m ock-up wil l be pl anned in the JMTR.  Now,  the desi gn of  bl anket 
m ock- up is conducted and the fabri cat ion devel opm ent of  pebbl es (cer am ic tr it ium  breeders and neutr on
m ul ti pl i er ),  un- ir radiated and ir radi ated pr opert i es of pebbl es,  etc. , have been invest i gated for  the in- pi le
f unct ional  test s.   T o make cl ear  in- pil e funct ional  test s of  bl anket  mock-up in detai l,  the foll owi ng it em s
wil l be di scussed duri ng the next thr ee year s. 
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-  E xper i ment al pr ocedures f or  t he in- pi le f uncti onal tests
-  F abri cat ion devel opm ent  and char act er izat i on of  cer am i c tr i ti um  br eeder s (pebble)

-  Characteri zat ion of ber yl li um  wi th hi gh f luence,  etc. 

Resul ts

Meeti ngs are held once per year  for thr ee year s and the pl anning for  in- pil e funct ional  test s of  bl anket 
m ock- up is di scussed.  I n 1998,  an inform at i on exchange of  the acti vit y for  blanket irr adiat ion study of 
JAE RI  and the U.S . was carr ied out  in the U. S.   I n 1999,  a coordi nati on on experi m ental shari ng of 
JAE RI  and U. S . was per for med in the U.S .  On the development  of  tri t ium breeder  pebbl es, ir r adiat ion
t est resul ts of  cer ami c breeder  wi th FF TF  and JMT R wi ll  be eval uated.  On the development  of  neut ron
m ul ti pl i er  pebbles,  tr it i um  rel ease behavior s at  low neutr on f luence and react ivi ty wi th wat er wi l l be
evaluat ed.   On the devel opm ent of ir r adiati on technique,  t echnology assessm ent of dosim et r y and contr ol

of ir radiati on envi r onment wi ll  be di scussed.  I n 2000,  detai led pl anning on the cooper at ion of JAE RI  and
t he U.S .  wil l  be di scussed. 

( 4)  I n- Vessel /High Heat Flux Mat er ial s and Com ponents

H igh Heat Fl u x Materials an d Com ponen ts

I n the devel opm ent of hi gh heat  fl ux materi als and component s, coll aborat ive st udi es on erosion of
plasm a facing mat er i al s,  and st udi es on ther mal hydraul i cs of  high per for mance cooli ng tubes for  fusi on
r eact or s have been car ri ed out bot h in an el ectr on beam  test  faci li t y in JAERI and in a high heat  flux test
f acil it y at the S andi a Nati onal Labor at or i es New Mexi co (S NL) .  As a result  of  the coll aborati ve st udi es,

t he dependence of  cr it ical heat  fl ux on subcool i ng has been cl ar i fi ed on the hi gh heat  fl ux cool ing tubes,
and thi s result  has st rongl y af f ected the desi gn of  fusi on experi mental react or s.  F urt herm ore, the
wor kshop on "Pl asma wall  interacti on and hi gh heat fl ux component s for  next  fusi on devi ces" has been
hel d to di scuss the latest resul ts fr om  JAE RI and the U. S.  ever y year.   In this workshop,  many of  t he fi rst
r esul ts in the worl d have been repor t ed and have lead the di r ecti on of  resear ch in this fiel d,  e. g. , er osi on
enhancem ent of carbon based m at eri al s by hydrogen and heli um  mi xt ur e beam s. 

Rem ot e Wel di n g Cu tt i ng of  Vacuu m  Vessel 

Aim ing at the devel opm ent  of rem ot e assem bl y and di sassembly of  the t okam ak vacuum vessel,  the
cooperat ive act ivit i es concer ni ng the exper i ment al eval uat ion of rem ot e wel di ng and the cut t ing of the

vacuum vessel  wer e ini ti ated in 1999.   For thi s joi nt  acti vi t y,  one U. S.  member  fr om  ORNL /Boei ng was
assigned to JAE RI  for thr ee mont hs and part i ci pat ed in the remote welding test bet ween the ITE R ful l- 
scale sect or  model and full -scal e por t extensi on by usi ng ful l- remot e wel di ng robots fabr icated by the
U.S . Hom e Team duri ng the I TE R- E DA.
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( 5)   Ot her s

Rem ot e Han dl i ng Tech nology

Aim ing at the devel opm ent  of rem ot e handl ing technology for a fusion experi ment al react or , the
col labor at ion act ivi ti es on the cont r ol  of t el er oboti c manipul ati on of  heavy payload was ini ti at ed in 1998.
T hr ough the technical di scussions bet ween both the U. S.  and Japan part ici pant s,  it  was agreed to hold
wor kshops and conduct joi nt  sim ulati on and cri ti cal  feat ur e exper im ent s.   T he inform ati on exchange on
t he sensor -based for ce cont rol of heavy payl oad manipul ator is being cont inued to devel op possibl e
f ut ur e joi nt  experi m ents. 

Safety Monitoring Program

To insure the safety and health of US and Japanese scientists when they work in each other facilities,
the US-Japan Safety Monitoring Program was established. This Program has been instrumental, since
its beginning in 1995, in enhancing the safety awareness of all foreign collaborators visiting and
working in various facilities and in safe operation of equipment exchanged between institutions.
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Chapter  6    Annex I  Pr ograms –M aterials -

6.1  DOE /MONBUS HO MAT ERIAL S PROGRAM ( DOE /MONBUS HO ANNE X 1) 

This collaboration is the joint research project between DOE of U.S. and MONBUSHO of Japan in
Fundamental Studies of Irradiation Effects in Fusion Materials Utilizing Fission Reactors.  For twenty
years, this program has contributed to the research and development of fusion materials through
productive efforts between Japanese and U.S. scientists in carrying out a series of irradiation
experiments, post-irradiation testing, and analysis on the subjects.

O bj ecti ves

The objective of the collaborative program is to understand materials behavior in fusion reactor

irradiation environments with particular attention to the correlation of the effects of fission and fusion
environments and high and low fluence phenomena. Research program has been focused mainly on (1)
the elementally process of radiation damage caused by D-T fusion neutrons at low fluence levels in the
first phase, (2) the cumulative radiation effects at high temperatures caused by fast reactor irradiation at
high fluence levels in the second phase, and (3) the dynamic and variable-complex irradiation effects
during fission neutron irradiation in the third phase.

Act ivit i es

T he act i vi ti es of  t he col laborat ive progr am  incl ude: (1)  planni ng of  t he experi m ental  progr am,  ( 2) desi gn
and conduct of the irr adi at ion exper i ment s,  (3) post- ir r adiat ion testi ng,  exami nat ion, and evaluati on, (4) 

exchange of per sonnel and i nf or m at ion necessar y to carr y out  the col labor at ive progr am,  and (5) prompt
exchange of dat a and r esult s ar i si ng fr om  t he col laborat ive progr am . 

T he f ir st phase of  t he Japan-U.S . col labor at ion on fusion was t he ‘ RTNS- II  Pr ogr am ’  for fi scal years
1981- 1986,  and this pr ogr am  uti l ized the Rot at ing T ar get  Neut ron Source (RT NS -I I ) at  the Lawrence
L iver mor e Nat ional Labor atory ( L LNL)  in L iverm or e, CA.  The second phase,  known as t he
‘ FF TF /MOTA P r ogram’ ,  was perf or m ed duri ng f i scal  year s 1987- 1994 and used t he F ast  F l ux T est 
F acil it y ( FF T F)  i n conjunct ion wit h the Mat eri al s Open Test Assem bl y ( MOT A)  at the Hanf or d sit e in
Washi ngt on.  The thi rd phase,  whi ch began i n 1995 and i s schedul ed to end at  the concl usi on of fiscal 
year 2000,  i s cal led t he JUPI TE R P rogram.   It uses the mixed spectr um Hi gh Fl ux Isot ope Reactor
( HF IR) at Oak Ridge Nati onal Labor at ory ( ORNL)  i n Oak Ri dge,  TN and Advanced T est React or (ATR) 

at Idaho Nat i onal  E ngi neeri ng and Envir onment Labor at or y ( INE EL ) in Idaho F al ls,  I daho. 

T he var i ous impor tant ir r adiati on exper im ent s has been car ri ed out in these phases. Irr adiat ion
exper im ent s usi ng l ow- f luence fusi on neut r ons from cr yogeni c temperatur e to hi gh t emper at ures wer e
done in the fir st  phase.  A seri es of  el evat ed tem peratur e ir r adiati on at  hi gh damage levels using preci sel y
t em perat ur e- contr ol l ed assembl y wer e perf orm ed in t he second phase. The i n- si t u type exper im ent s and
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var yi ng temperature ir radiati on using m ixed- spect rum react or  has been done in t he thi rd phase. 
Associat ed i n-sit u exper i ment s,  post - ir radi ati on test ing and anal ysi s have been perf orm ed duri ng and af t er 

t hese i r radi ati on experi m ents.

T hese acti vi t ies ar e per suaded through col l abor at i on between U.S . and Japanese scient i st s by means of
t wo t ypes of  exchange act ivit ies: wor kshops and exchange assignees.   The progr am each year  usuall y has
sever al  workshops ( about  two in each countr y) and approxim at ely about ten exchange assignees (about 
eight  f r om  Japan to U. S.  and about  t wo fr om  U. S.  to Japan) .  So f ar ,  dur i ng i ts twent y year s of successf ul 
operati ons, the m at eri al s progr am has suppor ted these syst em ati c wor kshops and long- t er m assignees. 

Administration

T he general managem ent  of  t he coll aborati ve pr ogr am  has been carr ied out  by t he St eer ing Com mi tt ee. 
T he S teeri ng Comm it t ee has been composed of  two per sons for each par ty.  These are Repr esent at ives of 

DOE  and MONBUSHO si des and the Progr am Coor dinat or for each par ty.  Each part y has one vote in
t he S teeri ng Comm it t ee and al l decisi ons have been appr oved by unani mi ty.   The Steer i ng Com m it tee has
f unct ions descr ibed as f oll ows; 

(1) Devel op the Annual Progr am of  Work,
(2) Review the i m pl em ent at ion of the Col l abor at i ve P r ogram, 
(3) Recom mend the Annual  P rogram of  Work to bot h par t ies for  appr oval  by t he US -Japan

Coordinati ng Comm it t ee on F usion E ner gy,
(4) S el ect the t i me and pl ace f or  t he next St eer ing Com mi tt ee meeti ng, and
(5) Consi der  other matt ers pert inent  t o the execut ion of the Col l abor at i ve P r ogram as mut uall y agr eed

upon. 
E ach par ty desi gnat es,  i n wri ti ng to the ot her , its Repr esent at ive who serves as co- chair man of the

S teer ing Com m it tee.   E ach par ty desi gnates,  in wr it ing to the other ,  one Pr ogram  Coor di nator .
Com muni cat ion concer ni ng pl anni ng and execut ion of the Col labor at ive P rogram,  i ncl udi ng planni ng and
arr angem ents for the S teeri ng Comm it t ee m eet ings and com muni cat ion wit h the S teeri ng Comm it t ee, has
been channel ed through t he Pr ogr am  Coor di nat or s. 

Accom pl i sh men ts an d Hi ghl igh ts

T he f ir st phase of progr am ut il i zi ng RT NS -I I cl ar if i ed t he el em ent ar y process of  r adi at ion dam age of
var ious mater ials caused by 14 MeV neut rons through D-T  fusi on react ions i n t he low f luence level  up to
0.01 dpa.  T he second phase of pr ogr am  obt ai ned i mport ant resul t s on cumulat ive ir r adiat ion ef f ects for
f luences up to about  100 dpa.  T he t hir d phase of  program ar e studyi ng dynami c eff ect s and var iable-

com pl ex ir radiati on ef fects i n fusion r eact or mat er ials.   The f ol lowing are t he resul ts f or  the last ten year s. 

1)   Highl ights of  m at er i al s devel opm ent research i n the F FT F /MOT A P rogr am

I n this pr ogr am , hi gh f luence neut r on i rr adi at i on experi ments wer e per f or med usi ng the pr eci sel y- 
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t em perat ur e- contr ol l ed MOTA t est  vehi cl e.   A P ost -i rr adi at ion evaluati on was done at  the Pacif ic
Nor thwest Nat ional Labor atory ( P NNL)  in Richl and, Washi ngton.  I r radi at i on experi ments using the

E xper im ent al  Br eeder  Reactor- II  (E BR- II ) at  Argonne Nati onal Labor at ory-West  i n Idaho F all s,  ID and
t he m ixed spect rum react or,  HFI R, at  ORNL  were al so per f or med i n the l at er peri od of  the pr ogr am . 
I mpor tant resul ts on all oy devel opment and the opti mi zat ion of low act ivati on st ruct ural m at er ial s whi ch
can sur vive up to hi gh neut ron- f luences wer e obt ai ned.  S om e not able result s are fi nding t he opti mum 
concent r at ion of chr om ium  f or  r esi st ance to radi ati on embri tt l em ent  in l ow acti vat ion f er ri ti c st eels, 
designi ng a Fe- Cr- W al loy syst em  wit h superi or  hi gh-t emper at ure st rength and fract ur e t oughness
com pared t o convent i onal  st eels (whi ch has been sel ected as one of the i nternat i onal l y im por tant  resear ch
obj ecti ves),  and sel ecti ng guideli nes f or  desi gni ng l ow acti vat ion vanadi um  all oys wi th accept abl e
ducti li t y af t er  high f luence ir radi ati on.    F or  funct ional mat er i al s,  establ i shment  of  a heat  t r eatm ent  t o
suppr ess t he ir radi ati on embri tt l em ent  of mol ybdenum  f or  hi gh heat  f l ux m at er ial s,  and eval uat ion of the
i rr adiat ion per form ance of composi te materi als were successf ul. 

2)  Dam age m echanisms infor mati on obtai ned fr om the F FT F/ MOT A Progr am 

S ever al  exper im ental  studies to pr ovi de i nf orm at i on on dam age m echanisms were conduct ed.  T hese
studi es on t he infl uence of  addi ti onal el em ent s on the swell i ng proper ti es of  austeni t ic st eels and
vanadium  all oys, the appl icat ion of var ious heli um pr oduct ion m et hods and r el at ed mechani st i c st udi es of 
hel ium eff ect s,  t he pr edi ct ion of swell ing by com puter sim ul ati on, and t he st udy of irr adiat ion history
eff ects were perf or m ed wi th successf ul resul ts.   Of speci al  note was the evaluati on of  i rr adi at i on hist or y
eff ects.   Thi s st udy r ai sed new issues about  predicti ng the behavior  of fusion react or mater ials under non-
steady state oper at i on.

3)  Devel opm ent of ir radiati on exper im ent  t echnology in t he FF TF / MOTA P r ogram 

T he i rr adi at i on t echni que cal led t he Dynami c Hel i um  Char gi ng Experi m ent (DHCE ) was developed by a
col labor at ion on design and experi ment to st udy the f usi on r elevant  ef fect of  heli um  in vanadi um  al loys. 
An exper im ent al  t echnique  f or the in si t u measurement of  el ectr i cal r esisti vit y of ceram ics in react or s
was also successf ul l y devel oped.    F or post - ir radiati on-  eval uati ons, a ful ly automat ic, hi gh- tem peratur e, 
i n cell  tensi le t est ing m achi ne call ed MATRON and a r em ote-cont rol impact  t esti ng machi ne were
devel oped.   The smal l speci men test technol ogi es developed i n t hi s progr am were al so found to be usef ul 
f or  var i ous other  r esear ch and technology ar eas.   T he desi gn wi ndows of fusion str uct ur al  m ateri als such
as austeni t ic st eels, f er ri ti c steels and vanadium al l oys wer e cl ari fi ed,  and mater ials wi th wi de desi gn
windows were pr oposed thr ough t his pr ogram. 

4)  T he out l ine and study of  dynami c i rr adi at ion eff ect s in the JUP IT ER Pr ogr am 

I n this pr ogr am , dynam ic ir radi ati on behavi or of  materi als was obtai ned usi ng HF IR i nst rumented
capsules, and t he ef fect s of nuclear  tr ansm utati on and var yi ng temperatur e on m ateri al ir radiati on
per form ance wer e st udi ed using high therm al -   and fast- neutr on f luences. T he i n- sit u technique to di rect l y
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m easure the elect ri cal  pr oper ti es of  cerami cs was successf ul l y used to f oll ow t he change of  el ect ri cal
conduct i vi ty of  alumi na ceram ics dur ing high- tem perat ur e ir r adiat ion to a f luence of  3 dpa.  T his r esult  i s

ver y useful for  t he desi gn of  i nsulat ing mat er ial s for the I nternat i onal  Ther monuclear E xper im ent al 
React or ,  I TE R.  I rr adi at i on creep was studi ed for  vanadi um  al loys, and t he infl uence of  appl ied str ess was
est abli shed. 

5)  T he i nvest igati on of  var i able and com pl ex i r radi ati on ef fect s i n the JUP I TE R Pr ogr am 

I rr adiat ion techniques using capsules wit h and wi thout a eur opi um  t her mal -neutr on shi el d wer e
devel oped.   Thi s is a ver y power ful tool to st udy t he ef fect s of nuclear  tr ansm utati on of  both gas and sol id
element s i n low act i vati on fusi on mat er ials.   A mul ti -st age var iabl e t em per at ur e capsul e was developed, 
and high-t em per at ur e cycl ic i rr adi at i on was  successf ul ly complet ed t o study the ef f ects of  var i able
i rr adiat ion condi ti ons on t he m icrost r uctur al  evol ut ion and t he associated m echanical  pr opert ies change of

m at er ial s.   These t echni ques ar e ver y i mpor t ant in exper im ent al ly eval uat ing mat er ial s behavior under 
f usion operat ing condi ti ons wher e ir r adiati on condi ti ons var y str ongly and tr ansmutat ion react ions ar e
abundant .

6)  Modeli ng st udy i n the JUPI TE R Progr am and devel opm ent of  t he next  research pr oject 

I t is necessary t o invest igat e mat er i al  behavi or  at  t he at om i c scal e and to cor r el at e t he m i cr ost ruct ur es
wit h macroscopi c pr opert i es i n or der  t o bet ter predi ct mater ials perf or m ance in f usi on condit ions where
t here ar e dynam ic and var iabl e/ com pl ex ir radiati on ef fects.  In t he JUPI T ER P rogram,  molecul ar 
dynam ics t echni ques were used t o cal cul at e the def ects st ructure of  r ef erence mat er i al s.   The r esult s wer e
successf ul ly appl ied t o aid i n under standing t he experi m ental  r esul t s. 

Based on the above impor t ant resul ts on the ir radiati on pr opert ies of low act ivati on materi als, the next 
r esearch proj ect cal led JUP IT ER- II  wi th the subti tl e of ’Mat er i al s Int egrat ion Uti li zi ng React or 
I rr adiat ion and Rel ated Basic Resear ch for Advanced Blankets’  is bei ng jointl y planned and wil l
encom pass a var iety of  fusi on technol ogy ar eas in order  to st udy the issues of mat er i al s systems which
wil l be used interacti vel y wi th cool ant , et c.,  i n f usion r eactors.

6.2  DOE /JAE RI MATE RIALS  PROGRAM(DOE / JAERI ANNEX I) 

This program has contributed for twenty years to the development of fusion reactors by the scientific
and engineering products about the irradiation damage on the structural materials obtained by U.S. and

Japanese Scientists.

O bj ecti ves

The objective of this collaboration is to design, conduct and evaluate joint irradiation experiments in

the High Flux Isotope Reactor (HFIR) of the Oak Ridge National Laboratory for the purpose of
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investigating the irradiation response of Japanese and U.S. structural and special purpose materials to

high levels of atomic displacement and Helium content in order to establish the database on the

properties and behavior of such materials and to evaluate their performance for the use in future fusion

reactors.

Act ivit i es

The collaborative Program consists of the following;

(1) planning of the collaborative program;

(2) design and conduct of irradiation experiments in HFIR;

(3) technology development for evaluation, post-irradiation testing;

(4) exchange of personnel and information necessary to carry out the collaborative program; and

(5) exchange of results arising from the collaborative program.

Three phases of the collaborative Program have been completed. These phases had begun in ‘83, ‘88

and ‘94, respectively. Phase IV of the program started in ‘99 and is expected to continue until March

2004.

Phase I of the program focused on the effects of high concentrations of transmutation produced helium

coupled with displacement damage on mechanical properties and swelling behavior of the Japanese and

US austenitic stainless steels. Phase II was also devoted to the understanding of the irradiation effects

of austenitic alloys. Spectral and isotopic tailoring techniques were developed and utilized to reproduce

the ratio of the generation rates of helium and the displacement damage (He/dpa ratio) typical of the

fusion reactor environment. Also, irradiation behavior of the variety of weld materials was evaluated.

In phase III of the program, examination of the irradiation response of advanced materials for DEMO

reactors was initiated. Materials of the reduced activation ferritic/martensitic steels, vanadium alloys,

SiC/SiC composites and titanium aluminides were included. Also, in situ test techniques to evaluate

thermal conductivity and electro-resistivity of ceramic materials (SiC/SiC composites, Alumina etc.)

during irradiation have been developed in the collaboration, and the measurements were carried out.

During the phase IV, it is expected to obtain the understanding of the effect of helium on the loss of

fracture toughness by irradiation for the improvement of the reduced activation ferritic/martensitic

alloys. Development of the reduced activation ODS ferritic alloys and SiC/SiC composite materials are

also the important subjects in this phase.

Ad mi ni st rat ion 

 The general management of the Collaborative Program has been carried out by a Steering Committee.

The Steering Committee has been composed of four members, two each are assigned by JAERI and

DOE and conduct following assignments.

(1) Plan the Collaborative Program, and develop the annual work plan which shall be included the
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annual budget and the financial contributions of JAERI and DOE.

(2) Review the cost and the projection of expenditures.

(3) Review plans for joint paper publication.

(4) Discuss personal assignments.

(5) Recommend the annual program of work, budget and personnel assignments and other such matters

to JAERI and DOE approval.

(6) Report to the Japan-U.S. Coordinating Committee on Fusion Energy through the Contact Persons

on the technical progress in the current annual work and make recommendations for approval of the

next annual work plan and budget and for the financial contributions of JAERI and DOE to the

Collaborative Program to the next annual program of work.

Accomp li shm en t s an d Highl i gh ts

One of the major outcomes from phase I of the Program is the optimization of the chemical

composition and the heat mechanical treatment of the Japanese and US austenitic stainless steels. The

features of phase II are (i) utilization of the spectral and isotopic tailoring techniques to reproduce the

ratio of the generation rates of helium and the displacement damage (He/dpa ratio) typical of the fusion

reactor environment, and (ii) the evaluation of irradiation behavior of the variety of weld materials.

Results from phase I and II are utilized to establish service conditions of the austenitic alloys for the

first wall of ITER, although the postulated service conditions at the beginning of the Program was

considerably different from that of ITER. One of the major  accomplishments during phase III is the

development of the Japanese and U.S. reduced activation ferritic/martensitic alloys. These alloys

exhibited superior resistance for irradiation and low induced activities after fusion neutron irradiation.

Another important result of phase III is the evaluation of electrical and thermal properties of ceramic

materials under irradiation using the in sit measurement technique. During the phase IV, it is expected

to obtain the understanding of the helium effect on the degradation of fracture toughness for the

improvement of the reduced activation ferritic/martensitic alloys. Development of the reduced

activation ODS ferritic/martensitic alloys and SiC/SiC composites are also the important subjects in

phase IV.

Several of the highlights during three phases are briefly described below.

- Austenitic stainless steel

(i) Irradiation response to high damage levels

Changes of microstructures, tensile strengths and fatigue properties induced during irradiation to high

damage levels (e.g. 50 dpa; displacement per atom, 5000 appmHe; helium atoms were produced by

transmutation reactions) were examined.

Results indicated that titanium modification, increase of nickel content by several percent and cold

working to introduce dislocations are quite effective to suppress microstructural changes including
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swelling during irradiation. This shows that the concept of the alloy designing for Japan and US PCA

worked well; optimization of the chemical composition and the heat mechanical treatment of the alloys.

Irradiation caused increase in strength at temperatures below 400C, while a slight softening occurred at

temperatures above 500C. Increase in strength below 400C is accompanied with a severe reduction of

uniform elongation. Decrease in uniform elongation may introduce difficulties in structural designing.

Although the severe decrease in elongation values, ductility (evaluated from reduction of area) levels

are quite high even after irradiation.

No strong irradiation effect is detected for post irradiation fatigue properties, except for the behavior at

low strain amplitude levels. The reduction at the low amplitude levels seems to be the result of

dislocation channeling induced by irradiation hardening.

(ii) Behavior of weldment

Welding introduces variety of microstructures including segregation (nonuniform distribution) of

alloying elements. This nonuniformity clearly affected the distribution of cavities formed during

irradiation. That is, swelling in the region with higher nickel content was small.

Although the relatively strong effect of welding on the microstructural evolution during irradiation, the

effect on mechanical properties is rather small. This indicates that welding introduces no large

problems to irradiation resistance of mechanical properties.

(iii) Spectral tailoring experiment

Ratio of the production rates of He atoms and the displacement damage during irradiation strongly

affects the irradiation response of the materials. Spectral tailoring irradiation technique to adjust

thermal neutron flux level to achieve He/dpa ratio typical of fusion neutron environment has been

developed (This technique is only applicable for nickel containing materials). The results by the

spectral tailoring experiment delivers irradiation response of the austenitic alloys with improved

accuracy.

Results clearly shows that He/dpa ratio for fusion environment accelerates the microstructural

evolution during irradiation. Results also exhibited that Japanese and US PCA have superior resistance

to irradiation induced microstructural change compared to commercial austenitic alloys. Effect of

He/dpa on tensile properties below 400C is not strong, and this indicates PCAs have acceptable

performences in the fusion neutron environment.

(iv) Fracture toughness

Although fracture toughness is an important properties for the structural application, limited data of the

irradiation effect were available. Irradiation to 3 dpa caused strong reduction of fracture toughness. The

degradation tends to saturate with neutron dose. Although the reduction by irradiation is large, the

residual fracture toughness level is not small, and the level evaluated to be high enough as a structural

materials for the blanket.
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(v) Irradiation assisted stress corrosion cracking (IASCC)

Because He/dpa ratio affects microstructural evolution including irradiation induced segregation, effect

of neutron spectra on IASCC need to be evaluated. Evaluation of the susceptibility to stress corrosion

cracking is rather complicated for the nature of the phenomenon. EPR (electochemical potentiokinetic

reactivation) method and SSRT (sow strain rate tensile) test were applied for the evaluation of

irradiated specimens.

Comparing with the result on the specimens irradiated in FBR, result clearly shows that He/dpa ratio

for fusion condition accelerated degradation. This also implies the importance of the effect of He/dpa

for the evaluation of the IASCC susceptibility of LWR core component where He/dpa ratio stringly

depend on the position.

- Low activation ferritic/martensitic steel

During phase II JAERI and ORNL (including the out side activities of the Collaboration) carried out

irradiation experiments on ferritic/martensitic steels with chromium (Cr) content levels of ranging from

2.25 to 12 percent. Results indicated Cr content strongly affects irradiation hardening, and the

hardening exhibits minimal at 7-9 Cr. Taking these things into account; the knowledge and experiences

about microstructural stability, strength at high temperatures and also for the low residual activities,

JAERI designed F82H with NKK corporation and ORNL made several of 9Cr-W-V-Ta heats. Those

alloys irradiated at temperatures from 200 to 600C to the damage levels of 60 dpa, and exhibited good

resistance for irradiation over

- In situ testing

Electrical and thermal conductivities of ceramic materials are tend to be affected not only accumulated

damage level but also dose rate during irradiation. Techniques for the in situ testing of thermal and

electrical conductivities of ceramic materials have been, therefore developed. As preliminary results,

the degradation of thermal conductivity decreases rapidly with dose and saturates during the early stage

of irradiation.
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Chapter  7    Annex I V  P rogr am – Fus ion Fuel- 

7.1 DOE / JAERI  T ST A (Tr it i um  S yst em s Test Assem bl y)

Annex IV was si gned on June 11,  1987 for a five- year per iod (Phases 1 and 2).   I t was amended in 1992
( Phase 3),  in 1994 (Phase 4),  in 1997 (Phase 5) and in 1998 (Phase 6).   P hase 6 is a three- year progr am , 
whi ch i s now under way unti l June 10,  2001. 

T he obj ect ive of thi s pr ogr am  in P hases 1, 2 and 3 was to evaluat e the joint operati on and exper i ment s on
f usion- f uel technol ogy wi th Tri t ium Systems Test  Assembl y (T S TA) at  the Los Alam os Nati onal 
L abor at ory (L ANL) , Los Al am os, New Mexi co.  It  was successful  in meeti ng al l of  it s technical
obj ecti ves.  Duri ng this peri od unti l  1994,  fusi on- fuel  pr ocessing technology was successful ly

dem onst r at ed through the oper at i on of  the TS TA fusi on-f uel  pr ocessi ng loop syst em in which the
processi ng rate reached up to one- fi f th of that est im at ed in a fusi on exper im ent al  reactor.   T he JAERI- 
devel oped Fuel Cl ean-up System (JF CU)  was inst al l ed in the TS TA syst em  and reli abl e processi ng was
dem onst r at ed by the successful 25- day conti nuous oper at i on of  thi s U.S .- Japan combined syst em.   I t was
also ver if ied that thi s system could pr ocess var ious non- steady state input com ing from a pul sed t okam ak
operati on wi t h enough fl exi bi li t y. 

Beginni ng in 1994, saf et y technology of  fusi on fuel  was em phasi zed,  and the act i vi ti es in Phases 4 and 5
wer e focused to enhance saf et y of the fusion-f uel  system .  Duri ng the per iod fr om 1994 to 1998, act ual
t ri ti um  mi gr ati on behavi or in a large room was successf ull y investi gat ed by rel easing 37 GBq {1 cur ie} 
_of tr it i um  to the 3000 m3  TS TA main cell .  Using the Tri t ium Plasm a Exper i ment  apparat us, a

power ful  tri t ium pl asm a source,  tr it i um  ret ent ion studi es on pl asma faci ng mater ials of  a fusi on reactor 
wer e per form ed and val uable dat a was obtained.   T hr ough successful decom m issi oni ng of  the JF CU,
exper ience of  decom m issi oni ng and decontami nat ion of tr i ti um - cont am i nated com ponents was gai ned. 
I n this peri od,  radi oact i ve reacti on st udies wit h tri ti um wer e perf orm ed at  JAE RI ’s Tr it i um  Process
L abor at ory and unique dat a was obt ai ned.

T he Annex was fur ther am ended in 1998 to em phasi ze and ext end tri ti um saf et y technol ogy incl uding
new act i vi ti es to underst and tr i ti um  behavi or in a t okam ak.   Dur ing the per i od from  1998 unt il  2001,  the
col labor at ive progr am was expanded to include bot h TS TA and the Tokamak Fusion Test React or 
( TF TR) at the Pri nceton Plasm a Physi cs Labor at or y (PP PL ) .  Resear ch of  of f- norm al event s in the fuel
system and tr it ium invent or y contr ol  st udies on process component s are underway at  TS TA.   At PP P L, 

r esearch of tri ti um  di st r ibut ion in the TFT R vacuum  vessel , analysi s of tri ti um  behavior dur ing TFT R
deuteri um- tr i ti um  oper at i on, research and development  for decontami nat ion and decomm i ssioni ng of 
T FT R and basi c research on advanced radioact ive liqui d waste tr eatm ent  techni ques ar e conti nui ng. 
Charact eri zat ion st udi es on mat eri al s exposed to tr it ium  are in progress both at  TST A and TF TR.  A
signi fi cant amount of useful dat a is being obt ai ned f rom  all  of  t hese ef f or ts.
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Technology for Fusion Fuel Processing (Annex III and Annex IV)

- Developed and demonstrated, at the Tritium Systems Test Assembly (TSTA) facility, the full fuel
handling and processing system and technology for next step fusion devices. This includes
demonstrating the ability to handle large quantities of tritium safely and response of the system to
off normal occurrences.

- Developed and tested a number of tritium analytical techniques and environmental and personnel
protective systems for tritium handling. In addition, increased the fusion scientific database in the
area of tritium materials interaction and qualified equipment and components for tritium service in
the fusion program.

- Performed tritium release experiments, within the TSTA building, to determine how tritium could

migrate to the environment in the event of a release.

- Developed database on decontaminating and decommissioning fusion systems, such as the JFCU
and the Tokamak Fusion Test Reactor (TFTR), for use in the design of future fusion facilities.
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Chapter  8   Completed A nnex Pr ojects (A s sociated with DO E/J AERI ) 

8.1  DOE /JAE RI FUSI ON BL ANKET  NE UT RONICS (ANNE X II) 

Introduction:

This Collaborative Program officially started on October 24, 1984, for three years as Annex II to the
Implementing Arrangement between JAERI and USDOE on Cooperation in Fusion Research and
Development. The collaboration was extended for another three years starting from October 23, 1987
to cover other aspects of the collaboration (see below) and the third (and final) renewal was made in
October 1990.  The program was officially concluded by the end of October, 1993.  Technical meetings
followed by Steering Committee meetings were held annually to discuss progress and annual reports
were submitted to the U.S./Japan Coordinating Committee on Fusion Energy (CCFE).

The collaboration was in the form of a mutual and equitable participation from both sides in carrying
out more than 20 integral experiments on mockups of various configurations that simulate the
engineering features of fusion blankets that include a first wall, neutron multiplier, coolant channels,
heterogeneity, armor layer, large openings, etc.  Both point 14 MeV source and a simulated line source
were used to generate the representative neutron source which was tailored to have as much simulation
to the energy and angular distribution of neutrons emitted from plasma in a fusion reactor.  The Fusion
Neutron Source (FNS) Facility at JAERI was used to perform these experiments.  Each experiment was
carefully pre-analyzed to ensure optimal arrangement and experimentalists from both sides participated
in performing the experiments and processing the experimental database in a usable form.  The U.S.
and JAERI performed, independently, the post analysis of these experiments using state-of-the-art

computational tools and nuclear databases available in the U.S. and Japan.

Objectives and Phases of the Program:

The main objectives of the Program have been: (a) to establish new experimental techniques for
performing fusion neutronics integral experiments, (b) to provide experimental data for evaluating the
accuracy of basic nuclear data and calculational methods for fusion system design, (c) to provide
estimates of uncertainties in the calculation of tritium breeding, nuclear heating, and induced
radioactivity and decay heat, (d) to provide feedback for future nuclear data measurements and
evaluations and calculational method improvements, and (e) to provide guidelines for fusion system
designers, particularly the magnitude of safety factors required to compensate for quantified

uncertainties.

Phase I of the program included experiments that were performed in an open geometry where test
assemblies were loaded in the experimental cavity in the wall between two large rooms.  Li2O blocks
were used to form the breeding zone.  Combination of first wall (316SS) and beryllium in various
configurations (front layer, sandwiched layer, etc) were utilized.  In Phase II, the experiments were
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performed in a closed geometry where the test assembly was placed at one end of a rectangular
enclosure made of Li2CO3 and the D-T neutron source was placed inside the cavity.  Several

experiments with FW, and beryllium in various arrangements (e.g., as a liner) were also carried out to
study the multiplication effect of beryllium and the prediction capability of present codes and
databases.  This phase also focused on studying the heterogeneity effect of coolant channels on tritium
breeding rates (TPR) and nuclear and decay heating.  In Phase III, a novel approach to generate a
simulated line source was applied where an annular test assembly with inner square cavity was moved
periodically back and forth relative to a stationary point source and, hence, a simulated line source was
created.  Several experiments on Li2O and Li2CO3 breeding materials were performed in this phase
which also included a neutron streaming from a large opening on one side of the assembly and its
impact on TBR and neutron spectrum inside the test assembly.

Maj or Accomp l ishm en t s

This 10-year program was an exemplary international collaboration, which produced a wealth of
experimental data on TBR, in-system neutron spectrum, and nuclear heating and decay radioactivity.
Analysis of the experiments were performed using 3-D Monte Carlo and 2-D discrete ordinates codes
and the latest nuclear data libraries in the U.S. and Japan.  Significant differences among measurement
techniques and calculational methods were found.  To assure a 90% confidence level for tritium
breeding calculations not to exceed measurements, designers should use a safety factor > 1.1 to 1.2,
depending on the calculational method.  The radioactivity measurements were performed for more than
20 materials with the focus on gamma emitters with half-lives < 5 yr.  The ratio of the calculated-to-
experimental (C/E) values ranged between 0.5 and 1.5, but it deviates greatly from unity for some
materials.  Most of the discrepancies were attributed directly to deficiencies in the activation libraries,

particularly errors in cross sections for certain reactions.  The microcalorimetric technique was vastly
improved through the program.  It allowed measurements of the total nuclear heating with a
temperature rise as low as 1 _K/s.  The C/E ratio for nuclear heating deviated from unity by as much
as 70% for some materials but only a few percent for others.

The main findings from this Collaborative Program have been published in several scholarly journals
and discussed in various workshops and international meetings on fusion neutronics.  The most
comprehensive discussion of these findings and accomplishments have been documented in 16
manuscripts that appeared in a special issue of the Fusion Technology Journal as Volume 28, No. 1&2,
1995.

8.2 DOE/JAERI FUEL CLEANUP COMPONENTS FOR THE TRITIUM SYSTEMS
      TEST ASSEMBLY (ANNEX III)

I n 1986,  Annex II I was si gned between DOE  and JAE RI  for  the devel opm ent of im pr oved com ponents
f or  the fuel  cl eanup syst em  (FCU) for  the Tr it ium  System s Test Assem bl y (TS TA) facil i ty at the Los
Alamos Nat ional  Laborator y (L ANL ).   T he pur pose of the FCU is to separ at e out  the hydrogen isotopes
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f rom al l  impuri ti es that  may be found in the exhaust com ing from the plasma or breedi ng blanket.   T he
m aj or  object i ve of the Coll abor ati ve Pr ogram  was to test  wit h tri ti um at  TS TA two pr ocess-r eady

com ponents, the pal l adium  dif fuser  and the cer am i c el ect rolysis cel l .  T hese com ponents wer e desi gned
and manufact ured by JAERI .  Bot h of these component s wer e cr i ti cal par ts of  a new FCU design that 
JAE RI  was devel oping for  future fusi on exper im ent al  devi ces.   T he test s at TS TA were very successful. 
E vent ual ly, these two com ponent s became the key par ts of  the JAERI FCU, whi ch was al so test ed
successf ul ly as par t  of Annex I V.

8.3 DOE / JAERI  S UP ERCONDUCTI NG P OLOIDAL COIL  TE CHNOL OGY (ANNE X V)

I n 1988,  Annex- V was signed bet ween DOE  and JAERI  for  the devel opment of  supeconducti ng pol oi dal 
coi ls.  The implementi ng inst it utes are the Massachuset t s Insti tute of  Technology (MI T)  in the U. S.  and
JAE RI  in Japan.   The maj or goal  of  the pr ogr am  was to develop super conduct i ng pul sed coil s that could

be char ged up to 7T  and 20MJ in one second by usi ng newl y devel oped Nb3 S n pul sed super conduct ors.
T he U.S .  coi l  was call ed “US- DP C” and the Japanese coil  was call ed “DPC-E X. ”  Bot h coi ls were
t ested one by one by usi ng the Dem o P ol oi dal  Coi l  Test Facil i ty at JAE RI ’s Naka Fusi on Research
E st abli shm ent .  T he faci l it y al so included a pai r  of NbT i backup coi ls, 1.2-kW for ced-cool ed cryogeni c
system and the hi gh power  suppl y of the JT- 60 to char ge the coi l swi ft ly.   The newly developed coil s
achieved a pulsed char gi ng up to 7T wit hi n the range of  0. 5 to 3. 0 seconds and est abl ished a new
t echnol ogy of  usi ng Nb3S n coi l as a lar ge pulsed coil  f or fusion by 1992. 

8.4  DOE /JAE RI FE L HEATI NG AND CURRE NT DRIVE  ON MTX ( ANNEX VI )

T he Japan- U. S . Coll aborat ive Pr ogr am  for Annex VI  was establ i shed in May 1988.  Under  thi s Annex, 

t he Micr owave Tokam ak Exper im ent  (MT X) was car ri ed out to evaluat e the appl icat i on of  high power , 
pul sed microwaves to plasma heat ing under  the col laborat ion bet ween JAERI  and LL NL .  The
m icrowaves generated by the FEL  were inject ed int o the t okam ak and the hot  el ect rons generat ed wer e
obser ved in the sum m er  of  1992.    JAE RI  provided the key com ponents  t o conduct  the exper im ent s, 
i ncludi ng the mir ror s to tr ansf orm  FE L mi cr owaves t o the appr opri at e modes,  cal ori met er  t o measur e the
m icrowave power  and the var ious di agnosti c system s to veri fy the hot  electr on generat ion. 

8.5  DOE /JAE RI  NEW TUBE  TE ST  WI TH JT -60 ICRF SYS TE M (ANNE X VII )

T he new U. S.  t et rode tube X2274 was test ed wi th the JT -60 ICRF  system  and demonst rated 1.5 MW for 
5 seconds at  130 MHz, whi ch was a wor ld r ecord at  t hat tim e (1988-1992). 

8.6  DOE /JAE RI Col laborat ive Progr am  on t he Test i ng of  a Negati ve Ion Source for 
Neutr al  Beam  Inject ors (ANNEX VI II ) 

Annex VI I was singed bet ween DOE  and JAERI in Decem ber 1988 for  t he devel opment  of  a high cur rent 
negat ive ion sour ce for neutr al  beam  inject ors.  A 'vol ume type' negat ive ion sour ce developed by JAE RI 



36

was transpor t ed to Lawrence Ber kel ey Laborat or y (LBL)  and tested bot h in hydr ogen and deuter ium
operati on.   High cur rent  densit y negati ve ions of  10. 4m A/cm2 H-  and 8. 4m A/cm2 D-  wer e successf ul l y

produced wit h an ar c discharge power  of  40kW.  I t  was found that the isot ope ef f ect for  the deut eri um 
negat ive ion curr ent  was about 0.8 of  the hydr ogen negat ive ion cur r ent.   T o obt ai n the high D- cur rent 
densi ty,  it was import ant  to opt im ize the magnet i c fi lt er st r engt h of the vol um e negati ve ion source. 
E lect rons accom panyi ng wi th the negat ive ions wer e ef fecti vel y suppr essed by bi asi ng the pl asm a gri d
posit ively wi th r espect to the anode.   The ion sour ce was sent back to JAERI in 1989. 

8.7  DOE /JAE RI THOMS ON S CAT TE RI NG SYS TE M FOR JFT - 2M ( ANNEX X) 

T he U.S .  DOE  and JAERI  si gned Annex X on Oct ober  25, 1989,  for a col labor at ive progr am on t he  JF T -
2M TV T hom son S catt ering Syst em .   In May- July1991, the TVT S fabricat ion was car r ied out on JFT -2M
i n coll aborat ion wi t h PP P L.   In Febr uar y 1992,  the fi rst  measur em ent  of the Thom son scatt er ed li ght  was

done and t he TVTS  hardwar e worked routi nely si nce May 1992.

8.8 DOE / JAERI  NEGAT I VE  ION SOURCES  AND ACCE L ERAT ORS  FOR NE UT RAL  BEAM
I NJECTORS (ANNE X XI ) 

A high cur rent sour ce usi ng mul t iple merging beam s was devel oped by Japan and was incor porat ed into
t he neut ral beam accel er ator system whi ch was tested at  the Lawrence Ber kel ey Nati onal Labor at or y
( LBNL ) in Ber keley,  Cali f or ni a.   Japan needed to develop a 500 keV source  for use on JT- 60 and the
U.S . wanted to devel op 1. 3 MeV sour ce for the mul ti l at er al  IT ER pr oj ect . Al t hough the coll abor ati on
successf ul ly demonst rated high cur rent oper ati on of  neut ral beams wi th ener gy up to 200 keV, the ITE R
Dir ector  announced that neutr al  beam s might  not be used on I T ER.  T he U. S . init i at ed the cancell ati on of 

Annex XI .


